Abstract -This paper describes influences of a preload and vibration amplitude on driving performance of a surface acoustic wave (SAW) linear motor, and proposes a simulation model for the SAW linear motor. In experimental results, maximum output force and maximum output power of the SAW linear motor depended on it's pre-load. Optimum pre-loads for the maximum output force and for the maximum output power were both linear functions of the SAW linear motor's vibration amplitude. No-load velocity of the SAW linear motor, however, decreased linearly with increasing pre-load. A new simulation model to explain these phenomena is proposed. There is a good agreement between the experimental and simulation results.
I. INTRODUCTION
A SAW motor is a linear actuator of friction drive which utilizes the Rayleigh wave. In past researches, operation of the SAW motor using a multi-contactpoint slider or a silicon slider was demonstrated [l] , [2]. It has been shown that output force of a SAW motor depends on force (pre-load) which presses a slider against a stator substrate. However, with using the silicon slider, the influence of the pre-load on no-load velocity, and the relation between the optimum pre-load and vibration amplitude have not yet been found out. On the other hand, a simulation model for explaining the influence of the pre-load on driving performance was proposed by Kurosawa et a1 [ 13, [3] . However, this conventional simulation model was unable to calculate the optimum pre-load. In the simulation model, dynamic output force is treated as the product of the pre- load and a friction coefficient, and the direction of the output force depends on the difference between slider velocity and vibration velocity of the stator substrate. Consequently, the calculated output force is increasing as the pre-load is increasing.
In this paper, the influence of the pre-load and vibration amplitude on maximum output force or no-load velocity is found out by using the fabricated SAW linear motor. Furthermore, a new simulation model which takes account of rigidity of tangential direction in a stator substrate surface is proposed, and this model is validated by comparing with experimental results.
EXPERIMENTAL SET-UP
In order to measure the driving performance variation with the pre-load, a SAW linear motor shown in Fig. 1 
EXPERIMENTAL RESULTS
The driving performance was measured by using the fabricated SAW linear motor. The pre-load was changed from 11 N to 29 N, and the normal vibration amplitude of the Rayleigh wave was changed from 10 nm to 33 nm. The motion of movable part was observed by using a laser Doppler vibrometer. The maximum output force FO and no-load velocity wo were obtained from transient response. Fig. 2 shows the maximum output force against the pre-load about six lunds of vibration amplitude. In this figure, similar to results obtained in the past researches, the optimum pre-load for the maximum output force existed. The optimum pre-load increased with increasing vibration amplitude. The maximum output force of 3.2 N was obtained at the pre-load of 26 N and the vibration amplitude of 33 nm. Fig. 3 shows the no-load velocity against thepre-load about six kinds of vibration amplitude. The no-load velocity decreased linearly with the pre-load. The noload velocity of 1.5 m/sec was obtained at the pre-load of 1 1 N and the vibration amplitude of 33 nm. Fig. 4 shows the maximum output power against the pre-load about six kinds of vibration amplitude. The maximum output power Pmax was calculated by the relation of Pmax = woF0/4 from the drooping forcevelocity characteristic. In this figure, the optimum preload for the maximum output power existed as well as the optimum pre-load for the maximum output force. The optimum pre-load for the maximum output power was less than the optimum pre-load for the maximum output force. This is because the no-load velocity increased with decreasing the pre-load. The maximum output power of 0.8 W was obtained at the vibration amplitude of 33 nm.
The optimum pre-load against the vibration amplitude is shown in Fig. 5 . The optimum pre-load adopted the value which makes the quadratic approximation function the maximum. In this figure, the optimum preloads for the maximum output force and for the maximum output power were both linear functions of the ment of normal direction can be assumed negligible. The output force of slider is the sum of the output force of each projection. There were assumptions as shown below for calculation. The diameter of projections is very small in comparison with the wavelength of the Rayleigh wave. Deformation of the stator substrate by one projection does not affect that by other projections. The projections are uniformly distributed to the phase of the Rayleigh wave. Under such assumptions, the output force of slider is proportional to a time average of the output force of one projection. Therefore, only one projection is considered. The friction coefficient is assumed to be constant here.
vibration amplitude. The ratio of the two optimum preloads was about 3:2.
Iv. SIMULATION MODEL
In the new simulation model to propose, the rigidity of tangential direction in a stator substrate surface is taken into consideration. Therefore, the slipping state and the sticking state are distinguished. In the simulation model, since phase velocity of the Rayleigh wave is much faster than the slider velocity, the contact time of a projection and the stator substrate is assumed to be constant. Furthermore, since the stator deformation of tangential direction by the contact of projections is so small on comparison with the wavelength of the Rayleigh wave, effect of the deformation of tangential direction on the pre-load and the vibration displace-
where ah is the vibration amplitude of tangential direction. The temporal output force is proportional to the deformation of tangential direction at the contacting point of the projection. Therefore, the temporal output force f is expressed as:
where kh is the rigidity of tangential direction in the stator substrate surface and $ indicates the slider veloc- the deformation of stator substrate decreases. In this case, the temporal output force fslip is expressed as:
As shown in equations (2) and (4), the sticWslip phenomena calculated by using this simulation model depend on three parameters, pk,u,/(khuh), $, and +.
The output force is calculated by judging sticWslip for every time step. Fig. 6 shows an example of the time variation of normal displacement, the pre-load, velocity, and output force that were calculated by the proposed simulation model under pk,a,/(khah) = 1. Fig. 7 shows the noload velocity and the maximum output force against the pre-load. In this figure, the no-load velocity wo, the maximum output force FO and the pre-load N are normalized by w,: w, = ahw, &: F, = pkva,/(27r) and N,: N , = kvav respectively, and Q = pk,a,/(khah). The tendency of calculation results shown in Fig. 7 agrees with that of the experimental results. The optimum pre-load for the output force is well explained by using the simulation model.
V. ESTIMATION
The calculation results were compared with the experimental results in order to validate the simulation model. In the calculation, the friction coefficient p between the silicon and the 128 degrees rotated y-cut LiNbO3 is 0.18 measured by a friction tester, and kv is 3.7 x lo6 N/m calculated from the formula of contact stress by a rigid punch, and k , / k h is 1.36 calculated by using a finite element method, and a,/ah is 1.12 from the result of numerical analysis. Therefore, Q is 0.27. The calculation results compared with the experimental results are shown in Fig. 8 and Fig. 9 . Since each projection of the silicon slider is not held elastically, the contact state of the projections was not uniform. Therefore, the apparent friction coefficient, the maximum output force divided by the pre-load, was estimated instead of the maximum output force. The no-load velocity and the pre-load were normalized by the stator vibration velocity of tangential direction and the optimum pre-load for the maximum output force, respectively. In these figures, FR denotes the resistance against driving the slider and Nopt denotes the optimum pre-load for the maximum output force. The calculations were performed under FR=O, 0.02NOpt, and 0.04NOpt. There is a good agreement between the ex- In this figure, effect of the resistance against driving the slider is increasing when the vibration amplitude is decreasing. Therefore, this resistance is not so much dependent on the vibration amplitude. As the resistance against driving the slider, resistance by the variation in the contact condition of projections, resistance of the linear guide, resistance by the roughness of contact surface, etc. can be expected.
The optimum pre-load for the maximum output force at the vibration amplitude of 28 nm is 29 N. This value is 314 times as large as the calculated optimum preload per one projection. The number of 314 is only 2% of the total number of projections. Furthermore, the maximum output force per unit contact area of 50-130 N/mm2 was obtained by using the multi-contact-point slider of which the projections were held elastically [I] . On the other hand, the value of only 0.64 N/mm2 was obtained by using the silicon slider from the present experimental result. Therefore, by improving the contact condition, the maximum output force per unit contact area is expected to be improved to 32 N/mm2 which is 50 times higher than the present value.
VI. CONCLUSION
The influence of the pre-load and vibration amplitude on maximum output force or no-load velocity was found out by using the fabricated SAW linear motor. The optimum pre-loads for the maximum output force and for the maximum output power were both linear functions of the SAW linear motor's vibration amplitude. Furthermore, a new simulation model which took account of rigidity of tangential direction in a stator substrate surface was proposed. It was enabled to calculate the optimum pre-load by using the simulation model. This model was validated by comparing with experimental results. From the calculation result, the maximum output force per unit contact area is expected to be improved to 50 times higher than the present value by improving the contact condition.
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